Recent techr.tologicaJ developments have opened the possibility to construct a device which we call a knac Coherent Light Source (LCLS)[l4]; a fourth generation light source, with brightness, coherence, and peak power far exceeding other sources. Gperating on the principle of the free electron laser (FEL), the LCLS would extend the range of FEL operation to much shorter wavelength than the 240 mn that has so far been reached. We report the tesults of studies of the use of the SLAC linac to drive an LCLS at wavelengths from about 3-100 mn initially and possibly even shorter wavelengths in the fare. Lasing would be achieved in a single pass of a low emittance, high peak current, high energy electron beam through a long undulator. Most present FELs use an optical cavity to build up the intensity of the light to achieve lasing action in a low gain oscillator configuration. By eliminating the optical cavity, which is difficult to make at short wavelengths, laser action can be extended to shorter wavelengths by Self-Ampli&d-SpomaneousEmission (SASE), or by hatmonic generation from a longer wavelength seed laser. Short wavelength, single pass lasers have been extensively studied at several laboratories and at recent workshops [5, 6] . [7] . The pqk current is increased by about an order of magnitude by compressing the bunch to a length of about 0.2 ps (rms).
: LCLS overview. The required low emittance electron beam can be achieved with recently developed RF photocathode electron guns [7] . The pqk current is increased by about an order of magnitude by compressing the bunch to a length of about 0.2 ps (rms). TechnQues for beam transport, acceleration, and compression without emittance dilution have been developed at SLAC as .part of the linear collider project [8] . The undulator length required to saturate the laser varies from about 15 m for a 100 m FEL to about 60 m at 3 nm. Initial experiments, at wavelengths down to about 50 nm, are planned using the 25 m long Paladin undulator now located at LLNL. In a proposed future LCLS R&D facility the short wavelength light pulses are distributed to multiple end stations using grazing incidence mirrors. About 1014 photons a 120 Hz rate, corresponding to average brighmess levels of about 1021 photons/s/mm2/mrad 2p" r pulse can be produced at brighmess levels of about 1031 photons/s/mm2/mrad2 within 0.1 % BW.
within 0.1 % BW and peak Peak power levels are several hundred megawatts to several gigawatts. Electron energies required range fkom about 500 MeV for the 100 nm FEL to about 7 GeV for 3 nm.
l.INTRODUCTION
Two recent developments have opened the possibility of constructing linac-based x-ray lasers operating at short wavelengths. First, at Los Alamos (and elsewhere) RF photocathode guns have been shown to deliver low emittance (3-4 There is sufficient space in the F'FPB housing to accommodate the LCLS undulator. After a small upgrade, the FFTB enclosure would provide adequate shiehiing for beams delivered alternately to both facilities. The LCLS photon beams emerge into the SLAC research yard, about 125 m from the SSRL beam lines on SPEAR. Thus, it is possible to bring beams from the LCLS and SPEAR to the same sample chamber for pump-probe experiments.
. higher. Photon beams with this extraordinarily high brighmess, coherence, and peak power will make possible a wide range of experimental studies in many scientific and technical fields including xray imaging of biological specimens in and around the "water window" (including producing x-ray holograms of live biological specimens in a single sub-picosecond pulse), time resolved studies of condensed matter systems and chemical reaction dynamics, and non-linear processes. Because the properties of this light source go many orders of magnitude beyond that available from any other source in operation or construction, it is likely that entirely new scientifk applications will be opened. Exploratory experiments will be carried out on two diagnostic / experimental stations. With two experiments able to receive pulses, techniques will be developed for rapid switching of the beam, as well as rapid changing of the beam parameters such as wavelength and intensity to meet different experimental,,conditions. An Ml996 Short Form Construction Project Data Sheet has been submitted to DOE for this project. The total estimated cost is $29.45 M. Also described in this report are plans for "&monstration" experiments (using the 25 m long PALADIN undulator [9] now at LLNL), at wavelengths around 100 nm, to gain experience as early as possible and to increase confkience that the shorter wavelength sources will work as expected
TEC&CAL'COMPONENT
The main technical components of the proposed LCLS R&D Facility (see fig. 1 ) have been described in detail in previous reports. They are a high-brighmess, laser-driven, RF electron gun with a photocathode [7] ;
The proposed LCLS operates on the principle of the FEL, but does not need an optical cavity which is difficult or impossible to make at such short wavelengths. Instead, x-ray laser operation is achieved in a single pass of an electron beam through the long undulator by Self-Amplified-Spontaneous-Emission (SASE), or by harmonic generation from a longer wavelength seed laser. Although the theory of these processes is well developed, there is little experimental data with which to compare, since most FELs have used oscillator cavities. It is therefore important to make detailed comparisons between experiment and theory, for example to verify the accuracy and wavelength dependence of simulation codes and akumptions about startup !kom noise. In the proposed R&D facility we plan to do this initially at wavelengths around 10 nm or longer, where certain tolerances are mote manageable. As experience is gamed and tighter tolerances are met, operation down to 3 nm can be expected, still using electrons below the 10 GeV that will be available. From table 2 the average values of the brighmess and coherent power are more than two orders of magnitude greater than that projected for undulators on 3rd generation Light sources such as the ALS (see fig. 2 The RF gun, to be installed about 1 km from the end of the SLAC linac, would produce a single bunch of 6 x lo9 electrons with au invariant emittance of about 3.5 mm-mrad and a bunch length of about 500 pm (rms). That bunch is then accelerated to 70-100 MeV and compressed to a length of about 200 pm. The main SLAC linac accelerates the bunch to about 2 GeV, where a second bunch compressor reduces the length to 30-40 pm resulting in a peak current of 2-3 kk The electron bunch is then accelerated to 7-8 GeV, transported through a 50-70 m long nndulator, and then deflected to a beam dump. The light pulses emerging from the long undulator are distributed to multiple user stations using grazing incidence mirrors. Optimized parameters and tolerances for bunch compression and acceleration [lo] and the FEL performance [13] Due to the extreme brevity and peak intensity of the LCLS output radiation, special emphasis has been placed on the design of the photon beam line system [12] . To minimize the likelihood of sustaining component damage at the expected . 1012 W/cm2 peak power densities at normal incidence, a deflection scheme utilizing solid-state mirrors at grazing incidence has been developed. An initial concept of this mirror system can be seen in fig. 4 . Furthermore, the necessity of maintaining high reflectivity to avoid peak-power damage leads to the need for an ultra-high vacuum environment with the provisions for m-situ cleaning of all the reflecting surfaces. To exploit the diffraction-limited source size of the LCLS, the use of a simple monochromator configuration utilizing a single grating in a conical diffraction geometry, with the source as the effective entrance slit. is under consideration.
DEMONSTRATION EXPERIMENT -SASE Examples
A longer wavelength (40-360 nm) demonstration experiment using the SLAC Linac is being considered to test the beam manipulation and lasing by SASE and harmonic generation. The proposed scheme is designed to permit quasi-parasitic d- operation at a few hertz rates during tied target, 120 Hz runs in End Station A at SLAC. Emphasis is placed on the use of existing hardware, primarily the 25 m long PALADIN undulator [9] at LLNL. The mquired components would be installed at SLAC in a few brief downtimes. The studies ma& possible by this demonstration would be: 1) electron beam dynamics of double bunch compression and acceleration, 2) SASE laser startup as a function of electron beam charge, density, energy, and energy spread, 3) SASE temporal, spectral composition and fluctuations [14] , 4) power saturation effects including tolerances and steering, and 5) achieving short wavelengths by harmonic generation from a 240 nm input seed laser. This FEL demonstration experiment would be located early in the SLAC linac (Sectors 1 and 2) where the ordinary beam energy is low. The experiment would be parasitic to the 120 Hz straight ahead "End Station A" runs which operate for about 3 months per year. Thus, the linac quadrupole lattice need not be changed from the primary beam program. The beam would be injected into the FEL at about 1 Hz (or more) using pulsed magnets to inject and extract the beam from the linac. A schematic view of this demonstration experiment is shown in fig. 5 . The beam is generated in an RF photocathode gun, which is driven by "load' power from existing klystrons and accelerating structures in the first 100 m of the SLAC linac (Sector 1). A single bunch of 1 nC is made in the gun, accelerated to about 70-100 MeV, and injected into the Sector 1 table 4 with increased focusing in PALADIN. Power saturation can be achieved in all cases with field gain lengths of 1 to 2.2 m. The &monstration would begin with natural focusing in PALADIN but with enhanced fields made by closing the undulator gap. Later, stronger focusing with permanent magnets inserted into the gap providing additional quadrupole terms will lower the electron betatron functions and shorten the field gain lengths by about 30%. The mechanical and electrical characteristics of the PALADIN undulator, a 25 m long electromagnetic insertion device used in the first successful demonstration of SASE in the lR range at LLNL, have been described [9] . The structure features an 8 cm period (two pole-pairs per period), with a parabolic contour ("cutout") machined into the surface of each pole to provide natural sextupole focusing [15] . In the cited experiment, the gap at the beam center line was set at 24 mm, and an on-axis field of 2.5 kG was generated with 120 A in the field coils, for a K parameter value of approximately 1.9. For the proposed demonstration experiments, optimization studies indicated that saturation in the SASE mode could be obtained with PALADIN over the 120 mn -40 MI range, provided: 1) a K of 4, corresponding to an on-axis field of about 5.5 kG, could be obtained; and 2) additional focusing, significantly stronger than the natural sextupole focusing provided by the shaped poles, could be provided at the shorter Pol wavelengths. These issues have been studied using a prototype section of PALADIN.
By reducing the gap down to approximately 18 mm, the desired K value can be attained with approximately 160 A in the field coils without apparent overheating or significant deterioration of the field quality. Regarding enhancement of focusing, a recently proposed Electromagnet scheme utilizing permanent magnet multipole structures Coil PALADIN YOKE constructed out of thin rectangular blocks of PM material [16] (Front View )
has been assessed. As described in more detail in a companion m paper [17] a 1.5 cm high quadrupole permanent magnet 
Demonstration Experiment -Harmonic Generation Examples
Short wavelength generation via super radiant emission on higher harmonics in a high gain multiple wiggler PEL con&ration has been originally proposed some years ago on the basis of 2D numerical simulation [18] and of analytical calculations [19] . The main advantages, in principle, with respect to the SASE configuration are: 1) spectral purity and line width 2) shorter wigglers 3) relaxation of requirements of electron beam quality. More recently an optimization scheme which uses dispersive sections between different wigglers has been proposed [20, 21] on the basis of a simple 1D calculation but was never tested by 2D simulations. The 2D simulations of [18] were [22] which shows exponential gain starting from a signal at 240 nm and producing harmonics at 120, 80 and 60 run, both with a double wiggler and a g&k wiggler cascade without inserting dispersive sections, using the SLAC linac parameters and the PALADIN wiggler (h,= 8 cm). All the simulations have no external focusing. In all cases we change the wiggler parameter by changing the magnetic field so that we tune on the various harmonics in the different sections of the wiggler. In the reference case (case 1 in table 5) we reach 3 GW of power on the second harmonic with 15 m (6+9) of total wiggler. The first section length (6 m) must be optimized to have enough bunching on the harmonics but an energy spread small enough not to suppress the exponential gain in the second wiggler. No dispersive section has been used Detuning optimization on the second wiggler has been tried in case 2, doubling the output power from 2.4 to 5 GW. Case 4 is the same as case 2, but with better energy spread, which allows 1 kW instead of 1 MW of input power. A third harmonic production (80 mn) is shown in case 4 with only 1 kW of input laser power. In case 5 we show the first 2D simulation of a three wiggler cascade, tuning the second section after 6 m to the second harmonic (120 nm) and then again after 4 m tuning the wiggler on the second harmonic of the second section (i.e., the fourth harmonic of the fundamental of the first wiggler) and finally reaching, after 9 m of the third section, 800 MW of output power at 60 run with a total length of 19 m of wiggler. In all cases one can use the remaining part of the PALADIN wiggler (whose total length is 25 m) for tapering and/or for a further vonic cascade to shorter wavelength. In fact we are studying the possibility of using the harmonic cascade scheme to generate -4 mn radiation starting from an input of a shorter wavelength using a dispersive section and a higher energy beam and/or different wiggler. A detailed discussion of these results showing the radial power on the fundamental and on the harmonics, bunching and energy spread along the wiggler will be presented in a separate paper [ 141.
